ABSTRACT-Background: MicroRNA (miRNA) control gene transcription by binding to and repressing the translation of messenger RNA (mRNA). Their role in the acute respiratory distress syndrome (ARDS) is undefined. Methods: Blood leukocytes from 51 patients enrolled in a prior randomized trial of corticosteroids for ARDS were analyzed. After screening eight patients with microarrays for altered miRNA expression, 25 miRNAs were selected for further analysis using RT-PCR in all 51 patients. Results: On day 0, the 51 patients had APACHE III score of 60.4 AE 17.7 and PaO 2 /FiO 2 of 117 AE 49. 21 miRNA were expressed at increased levels in blood leukocytes at the onset of ARDS compared with healthy controls. These miRNA remained elevated at day 3 and increased further by day 7 (log 2 fold change from 0.66 to 5.7 fold, P <0.05 compared to day 0). In a subgroup analysis (37 patients treated with corticosteroids and 14 treated with placebo), the interaction of miRNA expression over time and steroid administration was not significant suggesting that systemic corticosteroids had no effect on the miRNA detected in our study. In contrast, corticosteroids but not placebo decreased IL-6 and C-reactive protein at day 3 (P < 0.001) demonstrating an early systemic anti-inflammatory response whereas both treatment arms had decreased values by day 7 (P <0.001). Conclusions: Expression of miRNA is increased in blood leukocytes of patients with ARDS at day 0 and day 3 and rises further by day 7, when systemic inflammation is subsiding. These effects appear independent of the administration of steroids, suggesting different inflammatory modifying roles for each in the resolving phases of ARDS.
INTRODUCTION
The acute respiratory distress syndrome (ARDS) remains a substantial cause of morbidity and mortality in patients who develop hypoxemic respiratory failure following injury to the lung (1) . Acute lung and systemic inflammatory responses occur throughout the course of the syndrome and the intensity of these responses is associated with higher mortality (2, 3) . Decreasing these inflammatory responses by treating the underlying cause of injury when possible and limiting secondary injury from mechanical ventilation or nosocomial infection has improved survival (1) . While anti-inflammatory therapy with corticosteroids has improved outcomes in ARDS it remains controversial due to dosing regimens and the timing and duration of therapy (4, 5) . Further, the underlying cause may portend a different prognosis for outcome or differential response to treatments based on the etiology of ARDS (5) .
Despite the disease-specific triggers of acute lung injury, it is assumed that there is commonality in the inflammatory pathways that culminate in diffuse alveolar damage (1) . The global inflammatory state that occurs during ARDS is suggested by the similarities of genomic signatures found in alveolar macrophages and simultaneous peripheral blood samples (6) . Several studies have analyzed transcriptomic signatures in blood leukocytes to provide insight into potential biomarkers and pathways associated with ARDS (6) (7) (8) (9) . Delineating the transcriptional pathways of inflammatory cells during these processes should enhance an understanding of the mechanisms that contribute to the initiation and resolution of inflammation and may be important in improving outcomes.
MicroRNA (miRNA) are short non-coding RNAs that negatively regulate gene expression by base pairing to specific messenger RNA (mRNA) targets and promoting their degradation or inhibiting their translation (10) . A single miRNA may potentially target hundreds of mRNA. Similarly, a single mRNA species may have multiple matches for miRNA that may enhance their repression of gene expression (11) . MiRNA regulate genes involved in both normal lung physiology as well as inflammatory diseases of the lung (12) . Several studies in animal models of ARDS suggest that miRNA contribute to the pathogenesis of acute lung injury, yet no information is available from human studies of ARDS (13) .
Because of the intense immune activation present in peripheral blood leukocytes of patients with ARDS and the
PATIENTS AND METHODS
Samples of archived peripheral blood leukocytes were analyzed from patients with ARDS enrolled in a multicenter trial conducted by one of the authors (GUM) (14) . The randomized, double-blind, placebo-controlled trial compared placebo and standard supportive therapy (usual care) to standard therapy plus early low-dose methylprednisolone infusion (1 mg/kg/day for 14 days and then tapered over 2 wks) using a 1:2 randomization schedule in intubated patients enrolled within 72 h of ARDS onset. Fifty-one patients (37 treated with corticosteroids and 14 with standard care alone) of the 91 patients enrolled in the original study had blood leukocyte samples available for analysis within 24 h of enrollment. Blood leukocyte samples from six healthy subjects (median age 55, range 29-61) were obtained as a reference of miRNA expression in healthy persons.
All patients or legally authorized representatives consented to sample collection. The institutional review board of each participating centers approved the protocol for blood sample collection (14) . The laboratory studies were performed by the Critical Care Medicine Department at the Clinical Center, National Institutes of Health with approval by the Office for Human Subjects Research, Clinical Center, National Institutes of Health.
Isolation of peripheral blood cells and RNA
Blood leukocytes were isolated by centrifugation of 30 mL of heparinized whole blood at 500 g for 10 min. The buffy coat was obtained by removing the upper layer of plasma. The cells were then incubated with lysing buffer (10 mM Tris HCl with 0.15 M NH 4 Cl, pH 7.5) to remove erythrocytes and washed with phosphate buffered saline pH 7.4 (PBS). Following resuspension in 1 mL of PBS, the cells were stored in tissue culture medium (RPMI 1640) with 15% dimethylsulfoxide and 20% heat-inactivated fetal bovine serum at À808C (all Invitrogen, Waltham, Mass). Thawed blood leukocytes were washed three times with 10 mL PBS and then lysed (Qiazol, Qiagen, Valencia, Calif). Total RNA, including miRNA, was isolated (miRNeasy Mini Kit) as per manufacturer's instructions.
miRNA microarray
In order to screen miRNA for further study, we assessed their differential expression in a pilot study of eight patients (four received placebo/usual care and the other four received corticosteroids/usual care) from the 51 patient cohort using a microarray that measures 1,733 human mature miRNA (GeneChip miRNA 3.0 Array, Affymetrix, Santa Clara, Calif). We analyzed the microarray data from these eight patients at day 0 (prior to receiving usual care or corticosteroids) and at day 3 of treatment. Total RNA (500 ng including miRNA) was labeled with Poly (A) tail and biotinylated tag (Flashtag Biotin HSR Kit, Affymetrix) as per the manufacturer's instructions.
Microarray analysis
Signal intensity values were assessed using the miRNA Arrays-RMA þ DABG procedure in the Expression Console (Affymetrix). Probe set identifications were annotated using miRNA-3.0 (release date 2011) resulting in 1,733 human mature miRNA probe sets. Probe sets were selected if at least half of the chips had present call values on day 0 or day 3 in either the placebo/usual care or corticosteroid/usual care group, resulting in a total of 768 probe sets identified for further analysis. Intensities based on Robust Multichip Average (RMA)-summarized probe sets without background adjustment were preprocessed using Bioconductor (http://www.bioconductor.org). Linear models were used to test various contrasts of interest between day 0 and day 3 peripheral blood samples on the filtered list of 768 probe sets using R limma package (15, 16) . False discovery rates (FDR) were calculated using the Benjamini-Hochberg method (17) and the top-ranked genes were selected by FDR cutoff of 0.05.
Selection of miRNA species from microarray analysis for analysis by RT-PCR
In an exploratory analysis, we used the following criteria for the contrasts of interest to identify 25 miRNA species for further analysis with RT-PCR: 16 miRNA were selected based on between-subject comparisons and an FDR <0.05, and 9 miRNA targets were selected based on within-subject comparisons and a more relaxed criteria of nominal P values of <0.1 and jlog 2 FCj >0.5. The microarray data has been deposited in the Gene Expression Omnibus (GEO), accession number GSE 83630 (http://www.ncbi.nlm.nih.gov/ geo/query/acc.cgi?acc=GSE83630.
Real-time PCR array
The expression levels of the 25 miRNA described above were tested in all 51 patients samples obtained on days 0, 3, and 7 using a custom quantitative realtime PCR array (Qiagen). The primers for the 25 miRNA targets were precoated on 384-well custom PCR array plates (Qiagen). Briefly, cDNA was prepared from 350 ng of total RNA including miRNA, using miScript II RT Kit as per manufacturer's instructions (Qiagen). RNU6 miRNA was the control used to normalize the data (i.e., D Ct ¼ Àlog 2 (relative abundance)). Heat maps were generated using an analytic program of scripts from the JMP statistical discovery software package (http://abs.cit.nih.gov/MSCLtoolbox/).
Interactions of expressed miRNA with mRNA associated with ARDS
We used a computational method to determine the potential binding sites of the differentially expressed miRNA from this study with mRNA described in previous studies of the transcriptomes of blood leukocytes from patients with ARDS (6-9). Top cited genes from these studies were analyzed (mRNA targets: n ¼ 8 (7), n ¼ 14 (9), n ¼ 19 (6), n ¼ 3 (8)). The authors chose six additional relevant targets. The program RNA22 version 2.0 (https://cm.jefferson.edu/rna22v2/) is a patternbased methodology based on computational and experimental evidence for the identification of putative microRNA binding sites and the corresponding heteroduplexes (18) . Nominal P values are provided with the binding location to the leftmost position of the predicted target site, the folding energy (in -kcal/mol) and a schematic of the heteroduplex (18) . Gene ontology of the above mRNA was performed using MetaCore (Thomas Reuters, Alexandria, Va).
Statistical analysis
Categorical patient characteristics were compared using Pearson Chi-square test or Fisher exact test as appropriate. Continuous patient characteristics were compared using Welch t test or linear regression models. The normalized cycle threshold (Ct) numbers (i.e., D Ct ¼ Àlog 2 (relative abundance)) were analyzed using linear mixed models with random subject effects (to account for correlation within each subject). The contrasts of interest were estimated to assess the differences between day 0, 3, and 7 in either the placebo/usual care or the corticosteroid/usual care group including the interaction of time and steroid administration. All analyses were conducted using R statistical package (version 2.15.1) unless otherwise noted.
RESULTS

Patient clinical characteristics
The baseline characteristics of the 51 patients (37 treated with corticosteroids/usual care and 14 treated with placebo/ usual care) were similar and are summarized in Table 1 . These patients were similar to the remaining 41 study patients without available samples, based on age, sex, APACHE 3 score, PaO2/ FiO2, total leukocyte count and mortality (Supplemental File Table 1 , http://links.lww.com/SHK/A513). The conditions associated with ARDS included community-acquired pneumonia (n ¼ 23), aspiration pneumonia (n ¼ 8), postoperative respiratory failure (n ¼ 5), hospital-acquired pneumonia (n ¼ 4), and mixed etiologies (n ¼ 11).
As previously described in the larger patient cohort (14, 19 ), the 51 patients described above had similar changes in systemic markers of inflammation; IL-6 and C-reactive protein (CRP) decreased significantly by days 3 and day 7 in patients treated with corticosteroids (P <0.001 for both on days 3 and 7). In contrast, IL-6 and CRP were unchanged at day 3 (P >0.2) and then decreased by day 7 (P 0.004 for both) in the placebo/ usual care patients (Fig. 1) . These findings suggest a significant anti-inflammatory effect of corticosteroid therapy as early as day 3 in the course of ARDS.
Twenty-five miRNA were selected in an exploratory analysis from microarrays of leukocytes from eight patients at baseline and day 3. These were further analyzed using RT-PCR. No significant differences in miRNA expression were found at day 0 among the 51 patients with ARDS ( Fig. 2A) . With the exception of 3 miRNA (miR-335-5p, miR-151a-5p, and miR-4454), the remaining 22 miRNA were significantly elevated in the 51 patients compared with the healthy controls (P 0.01 for all 22) (Fig. 2, A and B) .
We next examined the temporal sequence of changes in blood leukocyte miRNA expression on day 0 compared with day 3 and day 7. No significant changes were found comparing day 3 to baseline (day 0) (Fig. 3A) , whereas significant increased expression was found on day 7 compared with either day 3 or day 0 (Fig. 3, B and C respectively). In the 51 patients, 21 of the 25 miRNA targets were significantly increased compared with their respective baselines on day 7 (Fig. 3C) .
In a subgroup analysis, the effects of corticosteroid therapy on miRNA expression were evaluated. In the placebo/usual care group, 19 miRNA were significantly increased from day 3 to 7 and 14 miRNA increased from day 0 to 7 ( Fig. 4, A and B respectively). In the corticosteroid/usual care group, 24 miRNA were increased comparing day 3 to 7 and 21 miRNA were increased comparing day 0 to day 7 (Fig. 5, A and B respectively). Heat maps of these data are found in Supplemental Figure 1 and 2, http://links.lww.com/SHK/A513. The interaction of time and steroid administration was not significant (P >0.05) suggesting that corticosteroid therapy had no effect on the expression of these miRNA.
miRNA heteroduplex formation with mRNA
We analyzed our miRNA expression data with previous reports of mRNA altered in either alveolar macrophages or blood leukocytes of patients with ARDS. Among the top 50 mRNA species described from studies of blood mRNA signatures in ARDS, the miRNA that were differentially expressed in our study have the potential to form heterodimer complexes with 74% (37 of 50) of these mRNA (Supplemental Figure 3 , http://links.lww.com/SHK/A513). In the original studies (6-9), 21 mRNA were upregulated and 16 were repressed. The gene ontology of these selected mRNA includes themes of acute inflammation, defense responses, activation of stress kinases, responses to hypoxia, regulation of cell mobility, tissue remodeling, and apoptosis. Some individual mRNA (e.g., CEA-CAM6, CCDC50) had 8 to 10 miRNA described in our study forming potential complexes with 19 to 21 binding sites on their respective targeted mRNA (Supplemental Figure 3 , http://links.lww.com/SHK/A513).
DISCUSSION
MiRNA play a fundamental role in the control of gene expression in health and disease. While several studies have A and B, Interleukin-6 and C-reactive protein levels during the first week of ARDS. Box plots of log 10 IL-6 (pg/mL) and C-reactive protein (mg/L) plasma concentrations on days 0, 3, and 7 in all 51 patients studied. Open boxes-corticosteroids/usual care, gray boxes-placebo/usual care. These data represent a subset of previously described data (19, 24) . A, Plasma IL-6 levels during first week of ARDS. No significant change was found in IL-6 by day 3 in the placebo/usual care group compared with day 0 ( b P ¼ NS). In contrast, in the corticosteroid/usual care group, levels were significantly lower at ARDS day 3 compared with day 0 ( a P <0.001). In both groups at day 7, levels were significantly lower than day 0 levels ( c P <0.001 for corticosteroid/usual care group, d P ¼ 0.0001 for placebo/usual care group). B, Plasma C-reactive protein levels during first week of ARDS. No significant change was found in C-reactive protein by day 3 in the placebo/usual care group compared with day 0 ( b P ¼ NS). In contrast, in the corticosteroid/usual care group, levels were significantly lower at ARDS day 3 compared with day 0 ( a P <0.001). In both groups at day 7, levels were significantly lower than day 0 levels ( hsa_miR_3128  hsa_miR_145_5p  hsa_miR_378f   hsa_miR_4505  hsa_miR_223_5p  hsa_miR_4281   hsa_miR_320b  hsa_miR_1246  hsa_miR_335_5p  hsa_miR_151a_5p  hsa_miR_24_3p  hsa_miR_16_5p  hsa_miR_93_5p  hsa_miR_222_3p  hsa_miR_27b_3p  hsa_miR_17_3p  hsa_miR_362_5p  hsa_miR_20b_5p  hsa_miR_18a_5p  hsa_miR_4454   hsa_miR_4734  hsa_miR_4433_3p  hsa_miR_3201  hsa_miR_320a   hsa_miR_2392 Normal n = 6
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FIG. 2.
A and B, Baseline miRNA expression in leukocytes from patients with ARDS compared with healthy controls. A, Each column of the heat map represents an individual and each row represents a specific miRNA. Red depicts upregulation and blue downregulation of miRNA. The heat map shows the miRNA expression profiles among all 51 patients with ARDS at day 0 prior to either placebo or corticosteroid randomization and the expression profiles in healthy controls (n ¼ 6). No differences were found in baseline miRNA expression among the 51 patients with ARDS prior to randomization to placebo/usual care (n ¼ 14) or steroid/ usual care (n ¼ 37) (P ¼ NS). At the onset of ARDS, miRNA expression differed in 22 of 25 miRNA compared with healthy subjects (P <0.01). The three miRNA without significant difference in expression in healthy volunteers versus ARDS were miR-335-5p, miR-151a-5p and miR-4454. B, A summary graph of the changes in miRNA expression comparing patients with ARDS and healthy controls. The x-axis shows log 2 fold change and the y-axis shows each of the 25 individual miRNA comparing the baseline expression to that of healthy controls. The point estimates of fold change with 95% confidence intervals are shown. Significant changes in miRNA expressions are represented graphically as: shown alterations in blood leukocyte mRNA during the systemic inflammatory response during ARDS, no data are available describing changes in blood leukocyte miRNA. We identified 21 miRNA that are expressed at increased levels at the onset of ARDS, remain elevated at day 3, and increase further by day 7. Attributing a direct cause and biologic effect to the induction of miRNA is challenging because of their pleiotropic effects on mRNA translation. The temporal pattern of miRNA expression suggests that the underlying inflammatory processes that led to ARDS remained active at day 3 and the enhanced miRNA expression by day 7 may have a role in the resolution of inflammation. The greatest increase in miRNA occurred by day 7, a time of diminishing systemic inflammation as manifested by decreasing IL-6 and CRP levels. Notably, corticosteroids resulted in decreases in IL-6 and CRP on day 3, a response not seen in the placebo/usual care group. Yet, steroid therapy had no effect on the elevated miRNA species observed on days 3 or 7. These data suggest the presence of steroid-responsive and steroid-independent inflammatory axes during the course of ARDS. The miRNA detected in the cohort have biologic relevance as they have theoretical high-affinity binding to mRNA previously described as being expressed in leukocytes during ARDS (6) (7) (8) (9) . MiRNA can modulate stress signals as either a critical intermediate within a pathway or by titrating a key component of a signal pathway (20) . Further, the miRNA can function in a negative or positive feedback loop to modify a signal or simultaneously target both positive and negative regulators of a pathway, buffering the pathway from extremes of activation or repression (20) . These mechanisms may have relevance to our observations of multiple potential binding sites of the miRNA found at 7 days with previously described leukocyte mRNA from patients with ARDS (Supplemental Figure 3 , http://links.lww.com/SHK/A513). The regulatory impact of multiple mRNA binding sites is suggested from single cell experiments where a threshold level of miRNA regulation on mRNA targets is achieved, repressing protein production (21) . If the target mRNA increases in quantity, the pool of miRNA available for repression becomes limiting, allowing for graded mRNA expression. This model suggests a spectrum of responses from full repression to a titrated response depending on the relative abundance of each RNA species (21) .
MiRNAs clusters are transcribed as a single unit (polycistronic) generating multiple miRNA from a single primary transcript. Their coordinate expression suggests a synergistic role in regulating biologic processes. We found three of the six members of the miR-17$92 cluster (miR-17-3p, 18a-5p, and 20b-5p) up-regulated in the cohort at 7 days. This cluster is widely expressed in tissues and modulates cell proliferation and apoptosis (22) . Their relationship to these two processes in ARDS is unknown.
A secondary analysis of our study assessed the effects of steroids in the expression of cell-associated miRNA. We did not observe a suppressive effect of methylprednisolone on the miRNA species analyzed in blood leukocytes. The interaction of time and steroid administration was not significant, suggesting that the 14 miRNA on day 7 in the placebo/usual care group were induced independent of steroid administration and that limited power may have contributed to the absence of change in the remaining eight miRNA (Fig. 4, B and D) . These observations contradict many reports of glucocorticoid effects on miRNA expression in vitro. Glucocorticoids may affect miRNA by direct effects on miRNA promoters as well as the proteins that regulate the biogenesis and processing of miRNA after transcription (23) (24) (25) . Dexamethasone, a glucocorticoid receptor (GR) agonist, reduced miRNAs in leukemic cells and directly inhibited the miRNA-17 host gene by an increase in GR binding to an upstream promoter of miR-17HG (25) . Further, dexamethasone repressed miR-17 expression in leukemic cells and apoptotic osteoblasts (25, 26) . In contrast, miRNA members of the miRNA 17$92 cluster were upregulated in our study.
MiRNAs induced by endotoxin stimulation of a murine macrophage cell line were suppressed by dexamethasone (27) . Other reports have shown that glucocorticoids induce miRNA in some leukemic primary cells and cell lines (28) . Levels of GR may also be influenced by miRNA. In multiple myeloma cells, miR-130b inhibits GR and protein expression (29) . Hydrocortisone-induction of miR-124 expression in lymphocytes is associated with the downregulation of the GR alpha (30) . Lastly, glucocorticoids may suppress miRNA processing enzymes. Dexamethasone-induced apoptosis of primary murine cells and human leukemia cells suppressed the majority of miRNAs and decreased the mRNA and proteins of miRNA-processing enzymes (i.e., Drosha, DGCR8, Dicer) (31).
In contrast to the suppressive effects of glucocorticoids on miRNA expression in cell lines and primary cells in culture, organ miRNA responses to inflammatory stimuli are variable. In mice genetically resistant to tumor necrosis factor, miR-511 is induced by glucocorticoids and results in decreased tumor necrosis factor receptor type 1 expression and protects against TNF toxicity (32) . Mice exposed to aerosolized endotoxin express multiple miRNA in the lung after 6 h. However, pretreatment with dexamethasone had no effect on the endotoxin-induced miRNA expression (33) . These data are similar to the results of our study suggesting that miRNA and corticosteroids may have similar but relatively independent mechanisms that modulate inflammation. Further, these results suggest that extrapolation of glucocorticoid effects from in vitro data is context dependent and affected by the cell target and its physiologic state.
Our study is limited by several considerations. This was a subgroup of patients from a larger study cohort, chosen because of the availability of peripheral blood samples for analysis. The clinical characteristics of this subgroup were not different from the clinical study cohort (Supplemental table 1 P <0.01, and *** P <0.001. A, Changes in miRNA expression from ARDS day 3 to day 7 for 14 patients who received placebo/usual care. There was significant increase in miRNA expression (P <0.05) between day 3 and day 7 for 19 of the 25 miRNA evaluated. B, Changes in miRNA expression from ARDS day 0 to day 7 for 14 patients who received placebo/usual care. There was significant increase in miRNA expression between day 0 and day 7 for 14 of the 25 miRNA evaluated.
our study were representative of the group at large. The study is retrospective and focused on a limited number of miRNA for sequential analysis. A more comprehensive microarray analysis of a greater number of patients would have likely identified more differentially expressed miRNA and some of those miRNA may be influenced by corticosteroid therapy. The cells used in our study were frozen archived samples. In contrast to mRNA, miRNA stability in frozen tissues, cell lines, and serum has been shown to be relatively robust (34, 35) . However, it is possible that less abundant miRNA may be prone to detection loss with prolonged storage (35) . Degradation of samples was minimized by storing all samples in À808C freezer and limiting freeze/thaw cycles to the initial sample collection and RNA isolation. The potential heterocomplex formation of miRNA and mRNA is based on prior reports of mRNA expression rather than simultaneous measures of both in the same patient cohort. We did not compare day 0 miRNA expression values with critically ill non-ARDS patients. However, compared with their respective day 0 values, the temporal increase in miRNA expression in these critically ill patients suggests a role in modulating gene expression during the acute phase of ARDS. Lastly, identifying the association of miRNA expression with a specific cell type (e.g., neutrophil, lymphocyte, monocyte) was not feasible with the available samples.
CONCLUSIONS
We have shown that elevated levels of leukocyte miRNA expression occur early in the course of ARDS and increase in intensity after 1 week during the waning of the acute inflammatory response. The increased expression of miRNA appears independent of corticosteroid therapy suggesting they have a role in steroid-independent mechanisms that contribute to the resolution of inflammation. 
